Introduction
Tree stems are the largest component of living aboveground biomass responsible for carbon storage. Through secondary growth, carbon is stored in stems, but the stem surface also releases large amounts of carbon into the atmosphere through stem CO 2 efflux (E s ). Stem and branch respiration account for up to 37% of the total annual ecosystem respiration in temperate forests (Janssens et al. 2001) , 10% in dry Mediterranean forests (Maseyk et al. 2008) , and about 13% in Neotropical rainforests (Cavaleri et al. 2008; Chambers et al. 2004) .
In Neotropical rainforests, large seasonal variations in total ecosystem respiration (R eco , the sum of all the autotrophic and heterotrophic respiration components in the ecosystem) have been observed Hutyra et al. 2007 ). During dry periods, R eco can decrease by as much as 30% (from 12.0 to 9.0 g C m −2 day −1 in French Guiana; Bonal et al. 2008 ) in association with a large decrease in soil respiration Davidson et al. 2000) . However, whether seasonal variations in E s also contribute to seasonal variations in R eco remains unknown. To date, contrasting seasonal patterns in E s have been observed in Neotropical sites: a slight decrease in E s was found during the dry season in Brazil (Nepstad et al. 2002) ; higher E s values were observed during the dry and warm seasons at low altitudes in Tropical mountain forests in Ecuador (Zach et al. 2010b) ; no seasonal changes were observed in tropical lowland forests in Costa Rica (Cavaleri et al. 2006 ).
In temperate forests, the main abiotic factor contributing to seasonal variations in E s is air temperature, and an exponential relationship is usually observed Damesin et al. 2002) . However, in Neotropical regions, seasonal variations in daily mean air temperature are slight (24.5-27.0°C; Bonal et al. 2008 ) and therefore are unlikely to explain seasonal variations in E s . Zach et al. (2008 Zach et al. ( , 2010b confirmed that the influence of seasonal variations in temperature on E s was negligible in a Tropical mountain forest in Ecuador. However, considerable seasonal variations in rainfall, air humidity, and to a lesser extent solar radiation do occur in Neotropical regions (e.g., Bonal et al. 2008) . These variations lead to large seasonal variations in soil water content (Bonal et al. 2000a Guehl 1984) , which influences soil respiration or R eco Davidson et al. 2000; Sotta et al. 2006 ) and emissions of methane, nitrous oxide, and nitric oxide from soils (Davidson et al. 2008) . Under controlled conditions, simulated soil drought conditions were shown to contribute to a decrease in E s on young temperate trees (Saveyn et al. 2007 ). Yet, no clear evaluation of the influence of seasonal variations in environmental factors on E s has been conducted in Neotropical forests. The objective of this study was to characterize which environmental determinants help explain seasonal variations in E s in a Neotropical rainforest in French Guiana. We conducted a comprehensive sampling of tree stem CO 2 efflux over 18 months encompassing large seasonal variations in climatic conditions.
Neotropical rainforests are also characterized by substantial spatial heterogeneity in soil conditions and topography, which results in large habitat gradients Epron et al. 2006; Ferry et al. 2010) . These gradients induce specialization of the tree species, particularly with regards to soil drought or flooded conditions ). The influence of soil drought or flooded conditions on leaf gas exchange (e.g., Baraloto et al. 2007; Fernandez et al. 1999) , tree transpiration (Bonal et al. 2000b) , or tree growth (e.g., Baker et al. 2003) in tropical rainforests has been widely studied. A decrease in CO 2 and H 2 O fluxes or in overall tree growth was generally observed. However, no studies have yet investigated whether Neotropical tree species living in habitats with contrasted soil water conditions display contrasted E s and encounter distinct seasonal variations in E s .
In this study, we hypothesized that seasonal variations in climatic conditions in the Neotropical rainforest in French Guiana would influence stem CO 2 efflux (E s ). We expected maximum values in E s during periods with non-limiting soil water content and a decrease in E s during periods of soil drought. We also hypothesized that contrasted seasonal patterns in E s would be observed in Terra Firme forests (TFF) and in seasonally flooded forest (SFF); we expected no major difference in E s between the two habitats under non-limiting soil water conditions, but large differences when these habitats encounter soil drought or flooded conditions. Furthermore, we expected no major influence of atmospheric conditions (air temperature, air humidity, solar radiation) on E s .
Materials and methods

Study site
tropical wet climate is highly seasonal due to the north/ south movement of the Inter-Tropical Convergence Zone (Fig. 1) . This zone brings heavy rains when it is above French Guiana (December to February and April to July). When the Zone moves south of French Guiana, a short dry period (March) results and when it moves north, a long dry period (August to November) results (a dry month is defined as having less than 100 mm of rain). Over the past decade, the average annual rainfall at our study site was 3,041 mm and the average air temperature was 25.7°C (Gourlet-Fleury et al. 2004 ). The site is located in the northernmost part of a region on the Guiana Plateau characterized by a succession of small, elliptical hills rising to 5-40 ma.s.l., sometimes associated with plateaus of similar altitude. The soils are mostly nutrient-poor acrisol (FAO-ISRIC-ISSS 1998) with pockets of sandy ultisols developed over a Precambrian metamorphic formation called the "Bonidoro series" and composed of schist and sandstone, sporadically traversed by veins of pegmatite, aplite, and quartz.
The studied ecosystem is considered to be pristine, tropical wet forest. Tree density averages 620 trees ha −1 (diameter at breast height>0.1 m) and tree species richness is about 140 species ha −1 . Mean tree height is 35 m, with emergent trees exceeding 40 m. Measurements were conducted in two of the ten inventory plots that were set up in 2003 in the footprint of the Guyaflux eddyflux tower (Ferry et al. 2010) . The SFF plot experiences seasonal inundation during the rainy season and the permanent water table is never below 1.2 m depth during the dry season (Fig. 2) . The floristic composition in the two plots is highly different: 33 species (only 17% of the total number of tree species in the two plots combined) were common to both plots, and only four of those species were represented by at least three individuals in each plot (Carapa procera, Eperua falcata, Eschweilera coriacea, Symphonia sp.). Except for floristic composition and soil properties, the other stand characteristics were relatively similar in both plots (Table 1) .
Environmental conditions
In order to test whether or not climatic conditions contributed to seasonal variations in E s , we used data from a complete automatic weather station atop the Guyaflux tower to calculate the daily sum of solar radiation and rainfall, and data from a temperature and humidity sensor located 2-m high in the forest understory near the tower to calculate daily mean air temperature and daily minimum air humidity (see Bonal et al. 2008 for more details on sensors). Daily minimum air humidity was preferred over daily mean humidity because the former variable enables a better characterization of seasonal variations in daily atmospheric water deficit. In order to characterize seasonal variations in daily mean volumetric soil water content (SWC, m 3 m −3 ) in the upper soil layer, we used data from soil water content sensors set up by Bonal et al. (2008) in 2003 in these plots. They inserted 3-m-long polycarbonate tubes (Tecanat TM tubes; SDEC France, Reignac, France) with an external diameter of 42 mm into holes bored using a 40-mm auger. The tubes were sealed at the base and could be opened at the top to insert a probe. In the SFF plot, the tubes could not be inserted deeper than 1.3 m because of the presence of the permanent water table. Soil water content measurements were taken every 0.2 m in each tube using a time domain reflectometry probe (TRIME FM3; Imko, Ettlingen, Germany).
This study began in September 2007 and lasted 18 months, encompassing substantial seasonal variations in climate (Fig. 1, Table 2 ). In 2007, the long dry season, with low soil water content (LDS07), lasted from September to the end of November (Fig. 1) . A wetter season, with monthly rainfall sums higher than 200 mm, lasted from December 2007 to mid-July 2008. A period of lower rainfall punctuated this wetter season and was used to separate the dry-to-wet transition period (DW-T08; from December to February) from the long wet season (LWS08; from March to mid-July). We defined the period between mid-July and the end of August as the wet-to-dry transition period (WD-T08). During this period, heavy rainfall events ).
Tree selection
We selected only dominant canopy trees whose crowns received at least some direct side light, i.e., Dawkins crown classification of 4 or 5 (Dawkins 1958) . Measurements were taken on 95 trees the first year. The resulting dataset was augmented with 39 trees the second year in order to increase the number of individuals per species in TFF. Overall, we sampled 102 trees in TFF and 32 trees in SFF, for a total of 35 species (with one to 11 individuals per species). Growth and dynamic characteristics of the species Daily means of each parameter are represented, except for rainfall (sum). Minimum relative humidity and temperature were recorded at 2-m high. Soil water content and temperature were recorded at a depth of 0.2 m TFF Terra Firme forest, SFF seasonally flooded forest sampled were quite different (Ollivier et al. 2007 ). Diameter at breast height (1.3 m from the ground; DBH) of the selected trees in the two habitats ranged from 14.1 to 83.7 cm.
Gas exchange measurements
The CO 2 efflux of the stem (E s , μmol CO 2 m −2 s −1 ) was measured using home-made transparent Plexiglas chambers applied temporarily to the stem surface and operated in a closed system. Transparent chambers could be used because the high leaf area index in these forests (≈6.0 m 2 m −2 , Table 1 ) allows very limited solar radiation to reach the ground (less than 10% at 2-m high, Baraloto et al. 2005) , thus virtually eliminating any potential stem photosynthesis. Chambers were connected to a CO 2 infrared gas analyzer (IRGA, EGM1, or EGM4; PPSystems, Hitchin, UK). One week before each dry season measurement, the stems were gently brushed in order to remove algae, lichens, and skinned bark. A mark larger than the chamber size was painted on each stem in order to ensure that all further measurements were taken at the same position. The chambers were sealed to the bark using a malleable rubber sealant (Terostat-7; Teroson, Ludwisburg, Germany). In order to ensure air-tight closure of the chamber, straps were tied around the stem and the chamber. Two types of chambers were used: one with a volume of 1,403.2 cm 3 which covered 145.8 cm² of bark for large trees, and one with a volume of 286.8 cm 3 which covered 44.8 cm² for smaller trees. The measurements were carried out at DBH or 0.50 m above buttresses (up to a height of 3 m). The IRGA pump maintained a constant air flow (10 −4 m 3 min −1 ) in the system and a fan located inside the chamber mixed the air. Readings were taken every 5 s. CO 2 concentrations were recorded only when the initial concentration was close to the ambient level (380-450 ppm). To reduce the effect on the CO 2 efflux caused by the initial disturbance of pressing the chamber onto the trunk, data were recorded only between 100 and 205 s (i.e., over more than 1 min after installation). Measurements were recorded between 9 am and 4 pm. Quality checks were performed on these data and measurements were retained only when the coefficient of determination of the linear relationship between time and CO 2 concentration was higher than 97.0%. The CO 2 efflux (E s ), expressed on the basis of stem area, was then calculated based on the chamber volume (V ch , l) and surface area (S ch , m²) using the following equation:
where Δ½CO 2 =Δt is the CO 2 concentration increase during the 100-205-s period (ppm s −1 ), vol.mol is the volume of a mole of CO 2 (0.044642 mol l −1 ), and T°air (°C) is the temperature of the air recorded at 2-m high. The mean air temperature at 2 m for all measurements was 27.7±1.9°C (min=22.1°C and max=31.4°C, n=1,311). Some studies have suggested that E s accounts for only one part of total stem respiration because a substantial amount of locally respired CO 2 can be transported away from the place of measurement by the sap stream (e.g., Teskey et al. 2008) . However, other studies have demonstrated the lack of correlation between E s and sap flow density (e.g., Edwards and Wullschleger 2000) or have shown that E s is mainly derived from the metabolism of external tissues (phloem and cambium) (Maier and Clinton 2006) . We therefore carried out a preliminary test on a subsample (n=13) of sampled trees over 24 h to determine whether (1) there were daily variations in E s , and (2) there was any relationship between E s and sap flow density measured using thermal dissipation (Granier's type; Granier 1985) with 30-mm-long sensors (TDP-30; Dynamax Inc., Houston, TX, USA).
In order to study the seasonal variations in E s , 11 campaigns were conducted over the 18-month period. The timing of the campaigns was based on observation of the variations in rainfall and surface soil water content (SWC) at the Guyaflux site. The percentage of variation in E s within a given period (ΔE s ) was calculated as the difference between the E s at the beginning and at the end of the given period divided by the E s at the beginning of the given period.
Tree water status
In order to identify any potential influence of tree water status on E s during periods of soil water deficit, we used a Scholander-type pressure chamber (model 1000; PMS Instruments, Corvalis, OR, USA) to determine predawn leaf water potential (Ψ pd ) on one leaf per tree in each dry season on similarly clear days. In 2007, such measurements were conducted on 52 trees in TFF and 24 trees in SFF; in 2008, the measurements were conducted on 57 trees in TFF and 19 trees in SFF. Forty TFF trees and 19 SFF trees were common to the two dry-season leaf water campaigns.
Statistical analyses
Preliminary test
We used linear regression models (R 2.11.1, R-project software, http://www.r-project.org) to analyze (1) the relationship between daily variation in E s and sap flow density in TFF, and (2) the relationship between predawn leaf water potential at the end of the 2008 long dry period and the variation of E s (ΔE s ) during the wet-to-dry transition period (WD-T08) in each habitat.
Habitat effect
The influence of habitat on E s for the four species that were abundant on both plots was tested for each species using a repeated measure ANOVA, with the different campaigns as repeated measures (proc MIXED, SAS 6.2, SAS Institute, Cary, NC, USA).
Seasonal variations in E s
A linear mixed-effects model (lme, R 2.11.1) was used to detect seasonal patterns in E s , with habitat and sampling time as a fixed effect and tree included as a random effect. A repeated measure analysis was used to test the percentage of variation in E s (ΔE s ) during each period and for each habitat (proc MIXED, SAS). Following this test, a least squares mean analysis was used to test whether ΔE s in each habitat and for each period was significantly higher or lower than zero. We also tested whether seasonal variations in maximum daily sap flow density were correlated with variations in E s .
Environmental effect on seasonal variations in E s
Using a principal component analysis (PCA), we tested the degree to which environmental variables co-varied over the study period (daily values) and whether one or two simple factors (1 or 2 axis) could be extracted from these variables. A repeated measure analysis was then used to test the effect of these factors on E s in TFF, with trees included as a random effect and the different campaigns as repeated measures (proc MIXED, SAS). Finally, an analysis of covariance (lm, R 2.11.1) was used to test whether the relationship between E s and SWC varied between habitats. In SFF, this test was conducted with or without outlier data (long wet season 2008, LWS08).
Results
As expected, we observed low seasonal variations in atmospheric pressure, air temperature, or soil temperature (Fig. 1, Table 2 ). However, this study encompassed large seasonal variations in global radiation, vapor pressure deficit, and rainfall that resulted in large seasonal variations in soil water content (SWC) in the two habitats (Fig. 2 , Table 2 ). In TFF, SWC decreased strongly along the whole profile from the end of the wet season to the end of the dry period. On average, SWC was around 0. 
Preliminary test
We did not observe any clear daily variations in E s for any of the selected trees, so we conducted all further measurements stochastically between 9 am and 4 pm. We found no significant relationships between daily variations in E s and daily variations in sap flow density (All p>0.10; data not shown). In TFF, predawn leaf water potential varied between −1.40 and −0.20 MPa in LDS07 and between −1.70 and −0.15 MPa in LDS08. In SFF, predawn leaf water potential was less negative: we observed a minimum of −0.65 and −0.40 MPa in LDS07 and LDS08, respectively. There was no significant effect of Ψ pd in the 2008 long dry period on the variation of E s (ΔE s ) during the wet-to-dry transition period (WD-T08) in either habitat (p>0.10; data not shown).
In both habitats, large differences in E s were found among species (Table 3) . At the species level, in LWS08, E s ranged − −
Habitat effect
Among the four species that were abundant in the two habitats, only E. coriacea presented a significant effect of habitat on E s throughout the seasons (p=0.04) ( Table 4) . For the other species, there was no significant effect of habitat (All p>0.10).
Seasonal variations in E s
We observed significant seasonal variations in E s (F=13.3; p<0.001) and a significant interaction between habitat and sampling time (F=2.4; p=0.008), but no significant effect of habitat alone (F=0.3; p=0.59). In TFF, we observed maximum E s values at the end of the long wet season followed by a sharp decrease from July 2008 to September 2008 (Fig. 3) . The lowest values were found at the end of the dry seasons, followed by a sharp increase during the dry-towet transition period (Fig. 3) . Values at the end of the dry season in 2007 and 2008 were not significantly different (Fig. 4) . In SFF, we did not observe a clear peak in E s at the end of the wet season as we did in TFF (Figs. 3 and 4) . The percentage of variation in E s during a given period (ΔE s ) differed greatly among trees (Fig. 4) increase in E s ) during the two dry-to-wet transition seasons and during the long wet season (p<0.001); it was highly negative (i.e., decrease in E s ) during the wet-to-dry transition period (p<0.001), but it did not significantly differ from zero during the long dry seasons (p=0.13 and 0.63 in 2007 and 2008, respectively) (Fig. 4a) . In SFF, the mean pattern in ΔE s was highly positive (i.e., increase in E s ) during the two dry-to-wet transition seasons, whereas no significant effect was observed during the other seasons (p>0.05) (Fig. 4b) . Among all the trees that displayed a decrease in E s during LDS07, 54% in TFF also displayed a decrease or stable value during LDS08 as did 73% in SFF.
Environmental effect on seasonal variations in E s
The first axis of the PCA analysis explained 75.0% of the variance (data not shown) and was strongly positively correlated with global radiation and air temperature and negatively correlated with rainfall and minimum relative humidity. We therefore conducted further analyses using the loadings of this "climatic factor" along this first axis. The second axis was strongly explained by surface soil water content and was characterized as a "soil water" axis. The multifactor model analyses showed that variations in E s in The symbols denote the mean pattern in ΔE s when it was significantly different from zero (p<0.05), i.e., increase (+) or decrease (−). Overall, there was a significant effect of seasons on ΔE s (df=490; F=14.7; p<0.001) and a significant interaction between habitat and seasons (F=3.1; p=0.009), but no significant effect of habitat alone on ΔE s (F=1.4; p=0.24)
TFF were significantly explained by the "soil water" axis (F=56.31, p<0.001) but not by the "climatic factor" axis (F=0.41, p=0.52).
We found a positive linear relationship between E s and SWC in TFF (p=0.003, R²=0.64) (Fig. 5) . In SFF, this relationship was not significant when all the campaigns were included (p=0.09), but became significant when the long wet season (black square) was removed from the analysis (p=0.03, R²=0.47). When this outlier point (the long wet season value) was removed, the slopes of the relationship between E s and SWC in the two habitats were not significantly different (p=0.25).
Discussion
Between-tree variability
In the Terra Firme forest (TFF), under both non-limiting and limiting soil water conditions (wet season/dry season), a large variability in stem CO 2 efflux was observed among trees (Table 3) ; the range of E s values was similar to previous observations made in tropical rainforest ecosystems (Cavaleri et al. 2006; Chambers et al. 2004; Meir and Grace 2002; Nepstad et al. 2002; Ryan et al. 1994; Zach et al. 2008 Zach et al. , 2010b and confirmed the large variability in functional characteristics observed to date for Neotropical rainforest species at the stem level (e.g., wood density- Patiño et al. 2008 , bark thickness-Paine et al. 2010 . In a study on functional explanations for variation in bark thickness in Neotropical trees, Paine et al. (2010) concluded there was no significant relationship between bark thickness and E s . Whether other functional stem characteristics such as sapwood density and thickness account for part of the interspecific variability observed in E s remains an open question.
Habitat effect
For three of the four species abundant in both habitats, we observed no clear influence of habitat on E s (Table 4) . Our results thus suggest that these three species have generalist E s characteristics with regards to soil water content. According to Baraloto et al. (2007) , a large proportion of tropical rainforest species is found in a large range of habitats with different soil characteristics, and these species have a high plasticity in functional traits. For these three species here, our results suggest high plasticity in the physiological mechanisms associated with stem CO 2 efflux.
Seasonal variations
Large seasonal variations in E s were found in both habitats (Figs. 3 and 4) . Most trees displayed a strong decrease in E s during the wet-to-dry transition period (85% and 59% of the trees in TFF and SFF, respectively), and either a slight decrease or rather constant values during the long dry seasons (Fig. 4) . Furthermore, in both habitats, we observed a sharp increase in E s for most trees (66% and 77% of the trees in TFF and SFF, respectively) at the onset of the dry-to-wet transition seasons (DW-T). Seasonal variations in E s at our TFF site were within the same range of change as those observed in Terra Firme forests in Brazil (Nepstad et al. 2002) . Nevertheless, our high sampling frequency allowed us to reveal that the fastest and most significant changes in E s occurred during climatic transition periods, rather than during the dry or the wet seasons. These results underline the speed with which E s processes respond to seasonal changes in rainfall regime. Interestingly, the timing of these changes was also consistent with seasonal changes in R eco or soil respiration at the site ). This suggests that physiological mechanisms associated with autotrophic (stem, leaf, root) or heterotrophic (soil micro-organisms) CO 2 efflux in Neotropical forests may be subject to similar environmental constraints (see below). Nevertheless, it must be recalled that E s accounts for only a small proportion of R eco (≈9% in this study, and see Cavaleri et al. 2008 ) as compared to total soil respiration (≈40%, Bonal et al. 2008; Cavaleri et al. 2008) or leaf respiration (≈37%) (Cavaleri et al. 2008) .
In SFF, seasonal patterns in E s followed those in TFF, except during the long wet season when no major changes in E s were observed in SFF (Fig. 4) . We thus suspect that flooded conditions during the long wet season (Figs. 1 and 2 ) influenced tree stem CO 2 efflux (Table 4) . When the groundwater level is close to the surface (Fig. 2) , soil hypoxic conditions might induce a decrease in metabolic processes associated with stem respiration, as previously observed for photosynthesis (Fernandez et al. 1999) . The flooded conditions during the long wet season might thus have prevented any clear increase in E s . To our knowledge, no study has yet directly tested the effect of hypoxic conditions on E s . The main effect of flooded conditions on plant carbon metabolism is through the deprivation of oxygen to the root system, which usually leads to a decrease in carbon and energy metabolism at the whole plant level and can induce morphological or phenological adaptations (Parelle et al. 2006; Parolin 2001) . Our results suggest that these same processes influence stem CO 2 efflux. Further studies to analyze the direct impact of hypoxic conditions on stem respiration processes are greatly needed.
Influence of biotic and abiotic factors
Seasonal variations in E s could be explained by biotic or abiotic factors, or a combination of both. It has been shown that variations in biotic factors such as sap flow density (Teskey et al. 2008) , bark photosynthesis (Damesin 2003) , water status (Saveyn et al. 2007 ), or secondary growth Maseyk et al. 2008 ) could contribute to explaining seasonal variations in E s in temperate or Mediterranean forests. In our study, daily variations in E s were very small for all tested trees and did not correlate at all with the wide daily fluctuations in sap flow density. Thus, for these trees, even though a decrease in soil respiration during the dry season ) might have induced a decrease in CO 2 dissolved in the sap, our results confirm the absence of a direct impact of CO 2 dissolved in the sap on seasonal variations in E s (Edwards and Wullschleger 2000) . Nevertheless, our results do not preclude that part of the respired CO 2 could have been transported up the xylem stream with the sap flow (Teskey et al. 2008) . Indeed, the diffusion of dissolved CO 2 outside the stem and the transport of CO 2 respired by the stem in the sap flow might balance out for these trees. We did not test whether bark photosynthesis could contribute to these changes because high leaf area index values and low solar radiation reaching the ground at the site (Baraloto et al. 2005 ) prevented any potential photosynthetic activity along the stem where E s was measured. Seasonal variations in E s could not be attributed to seasonal variations in tree water status either since the latter were relatively slight for the studied trees. These limited variations in tree water status are consistent with what was previously found at the site (Bonal et al. 2000b) or in other Neotropical rainforests (e.g., Fisher et al. 2006) . Finally, we were not able to precisely evaluate the influence of seasonal variations in tree growth on E s in this study. Stem circumference is strongly influenced by atmospheric air conditions and seasonal variations in daily minimum air humidity induce large seasonal variations in stem circumference (positive or negative effect on bark water content) . Using seasonal variations in stem circumference (commonly measured using dendrometers) as a surrogate for seasonal variations in tree growth is thus not possible. Seasonal variations in cambial cell multiplication would have to be measured to test for any relationship between secondary growth and E s , but this was beyond the scope of our study.
Among the abiotic factors tested, our study showed that atmospheric conditions did not explain seasonal variations in E s . Particularly, in contrast with temperate forests Damesin et al. 2002) , air temperature was not a major cause of the seasonal variations in E s in our Neotropical rainforest. One reason for this discrepancy lies in the limited seasonal range of daily mean temperatures observed in French Guiana (Fig. 1b, Table 2 , Bonal et al. 2008) . Furthermore, our results are consistent with Zach et al. (2010a) who suggested that daily variations in air temperature were poorly correlated with E s in tropical forests. The other atmospheric conditions involved were closely correlated with air temperature and none contributed to seasonal variations in E s .
In contrast, the amount of water available to the trees in the surface soil layer was strongly correlated with seasonal variations in E s (Fig. 5) . In both habitats, the decrease in soil water content during the dry season was the main cause of variations in E s . Additionally, in SFF, hypoxic conditions prevented high E s values during the long wet season. Our results therefore suggest that soil water content in the upper layer is the main abiotic determinant of seasonal variations in E s in both habitats. The direct mechanisms explaining the correlation between soil water content and E s have not yet been studied, but physiological processes associated with both maintenance and growth respiration could be affected by variations in SWC (Saveyn et al. 2007 ). We also suspect that the origin of the reverse seasonal patterns in E s observed for some trees (i.e., an increase during dry seasons; Fig. 4 ) could be associated with deeper rooting systems (Nepstad et al. 1994; Bonal et al. 2000a ) that allow them to avoid the detrimental effects of a decrease in surface SWC during long dry seasons.
In conclusion, our results show large seasonal variations in E s for most trees in either habitat. The main variations occurred during climatic transition periods, which was consistent with the timing of seasonal variations in soil and total ecosystem respiration observed at the site. Seasonal variations in atmospheric conditions, including air temperature, did not explain seasonal variations in E s . In contrast, seasonal variations in surface soil water content were clearly correlated to seasonal variations in E s in each habitat. Both soil drought and flooded conditions induced a decrease in E s .
Our results emphasize the need to integrate the influence of soil water content on E s in global models designed to simulate the response of forest ecosystem fluxes to climate change.
